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ABSTRACT 
 
In this paper the attempts made by the authors to develop a Cassegrainian Solar Energy 
Concentrator (SEC) and its application for joining of plastics have been presented.  The SEC 
facility can deliver a cost effective and efficient process method of joining plastics. The SEC has 
been successfully used for joining various thermoplastic materials such as Acrylonitrile 
Butadiene Styrene (ABS), Polycarbonate (PC), and Polymethylmethacrylate (PMMA).  In the 
present work three sets of experiments are conducted to study the effectiveness of the developed 
SEC.   In this concentrator a beam divergent lens is employed to cover a 5-mm diameter spot 
with the energy produced being transferred from the top specimen of the lap joint to the effective 
adhesive area with minimum absorption due to the translucent property of the thermoplastic 
materials.  The effects of process input parameters on peak bond strength have been studied and 
the joint strengths achieved by this technique are compared with that of parent materials.  In 
addition the study of the microstructure of the fracture surface of the parent material and the 
welded section have been carried out using Scanning electron microscope. 
 
1. INTRODUCTION 
 
Energy resources come in two basic forms, Renewable and Non-renewable. Most of the energy 
used throughout the world is drawn from the earth’s capital assets. Each year the world 
consumes as much oil as it took nature two millions of years to create [1]. With the continued 
depletion of the world’s non-renewable fuels, it is important that more attention is paid to energy 
conservation, the use of alternative resources and renewable energy [2].  It has been estimated 
88% of the world’s available fuel supply is coal, which is predicted to be exhausted by year 
2040.   To avoid an energy catastrophe, it is imperative that alternative energy supplies will still 
be available in the future.  Throughout history, solar energy has provided most of the world’s 
energy.  The sun is an enormous nuclear fusion reactor that generates staggering amounts of 
energy, released in the form of solar radiation.  The Sun generates radiation energy at the rate of 
3.8 x 1020 MW by the conversion of mass directly to energy according to Einstein’s equation. 
 
Plastics are now rapidly displacing conventional materials in numerous engineering applications 
in mass production. The emerging need to produce larger and more complex forms from plastics 
and their composites has increased the need for joining, in particular of thermoplastics. 
Thermoplastics can be repeatedly softened and melted on heating and hardened on cooling 
without considerable degradation. Therefore, thermoplastic parts can be easily joined or formed 
by various manufacturing processes [3].  There are many techniques used for joining of plastic 
materials, but based on the method used they are generally classified in two groups: fusion 
welding, mainly used to join thermoplastics, and adhesive joining. Most joining processes 
usually require at some stage generation or application of heat. There are numerous techniques 
developed to generate the heat required for the materials processing technology used, especially 
the joining process. In materials processing, solar energy can serve as an alternative heat 
generating source to elaborate thermally induced structural modifications. Extensive research is 
being dedicated to making solar energy beam applications more efficient and introducing the 
utilisation of solar radiation into new technologies. Solar concentration technologies have made 
considerable progress and can be applied not only to generate cost-effective electricity, but also 
to provide the energy needs in other applications for industry in general. However, in this age of 
plastics, the use of concentrated solar energy in the process of joining plastic materials has not 
been a widely studied area. 
 
2. TEORY OF SOLAR RADIATION AND CONCENTRATION 
 
In the sun every second 657 million tons of hydrogen convert into 653 million tons of helium. 
During this conversion process every two atoms of hydrogen join together and make one atom of 
helium, emitting one photon of light. This is why the stars are shining and the sun emits in all 
directions as much energy as earth receives from it in 100 years. The sun generates radiation 
energy at the rate of 3,827 x 1020 MW by the conversion of mass directly to energy according to 
Einstein’s equation 
E = mc2       (1) 
where E is the energy, m is mass and c is the velocity of light [4]. Even though only about one 
two-billionth of this energy is intercepted by the earth, the energy that strikes the earth’s 
atmosphere in the form of sunlight each year represents the equivalent of nearly 1,000 trillion 
barrels of oil – sufficient to fuel the global economy thousand of times over [5]. The earth 
receives vast amount of energy from the sun in the form of solar radiation and all the life 
depends on it.  The sun emits a wide variety of electromagnetic radiations released in form of 
protons, each of which has its own specific wavelength and energy. The energy of the photon can 
be presented by 
E = hν        (2) 
where h is Planck’s constant (6.6256 x 10-34 Js). 
 
Some of the early measured data of the arriving form of the solar spectrum was recorded by 
Samuel Langley over a period of years, beginning in 1880 [6].  The solar radiation that passes 
through the atmosphere and is received at the ground is variable, but is substantially in the range 
of 0.29 to 2.5 µm.   The total power falling on a surface of the earth, which is conceived as a 
perfect spheroid without atmosphere, is called extraterrestrial irradiance/irradiation. It is a 
function of the date and apparent time. The earth’s orbit is slightly elliptical, so the actual 
intensity varies between about 1412 W/m2 in December and 1322 W/m2 in June. While the solar 
radiation is nearly constant outside the earth’s atmosphere (1367 W/m2, as given by the World 
Radiation Centre), the amount of solar radiation reaching any point of the earth, or insolation 
varies with changing atmospheric conditions such as clouds, dust, and the changing position of 
the earth relative to the sun. As a result, the amount of energy falling on one square metre flat 
level surface over the course of one day is variable, but on average is approximately 5 kWh. 
When compared to other modern energy sources, this is not very concentrated, and the insolation 
available on earth is intermittent. Thus advanced utilisation of solar energy is needed and when 
high temperature is desired concentration of the solar radiation becomes necessary. 
 
There is ongoing research in creating highly concentrated solar energy, or solar flux, using 
various concentrating devices and techniques. The most common reflective imaging concentrator 
geometry is the paraboloid usually employing the technique of specular reflections. In the 
process of concentration usually the incoming uniform stream of solar radiation is redirected to a 
smaller area. Although the thermodynamic limit of concentration with a single ideal device is 
about 45,000, today very high solar flux systems (e.g. 20,000 to 100,000 times concentration) are 
being developed [7]. Such very high flux has potential in a number of high technology 
applications including materials processing. The initial evaluation indicates that very high solar 
flux has significant economic advantages over electric arcs or lasers in very high temperature 
material processing. 
 
3. SOLAR ENERGY CONCENTRATOR 
 
The experiments were performed with a solar energy concentrator (SEC) facility, as shown in 
Figure 1, which includes a small modified Cassegrainian telescope employing primary and 
secondary mirrors to focus the sunlight on a lens for delivering and further concentration of the 
light onto the specimen surface. The main component of the system is the modified two-mirror 
Cassegrainian telescope supported in a standard altitude-azimuth mounting. The primary mirror 
is with outer diameter 600 mm. It is coated with electro-plated nickel with not less than 80% 
reflectivity in wavelength range 400 – 1200 nm. The secondary mirror has a diameter of 240 
mm. The mirror surface is enhanced aluminium coating on E3 glass substrate with grater than 
80% reflectivity in the same wavelength range. This combination has an overall focal length of 
2778 mm. The solar image in the Cassegrainian focus is 25 mm. To transfer the concentrated 
flux to the workpiece, the system is designed to use magnifying unit, canister and periscope 
optics and additional auxiliary optics. The initial testing experiments of the optical and thermal 
characteristics of the SEC facility have revealed that, the use of conventional periscope and 
additional auxiliary optics lead to a substantial loss of power and additional limitations on the 
spectral range use imposed by the optics used. For the purposes of this feasibility experiments, 
direct system employing a single lens has been used instead of the proposed conventional optics 
in order to decrease the optical and thermal loses in the system. 
 
Fig.1 The SEC system used for Welding  Fig.2 Weld Strength Compared to Parent 
Material 
 
4.  WELDING OF THERMOPLASTICS BY USING SEC 
 
Experimental work was undertaken to join the engineering thermoplastic materials described 
previously by applying concentrated solar beam radiation. For welding to take place, 15 sets of 
specimens of each material were prepared. The specimen sizes and design for the experimental 
thermoplastics were chosen accordingly to allow comparison with similar experiments 
performed using microwave energy. The specimens were inserted into the slot provided by 
means of a specimen holding device. Joining of polymers was initiated when concentrated solar 
beam radiation was directed onto the seam. The heat generated along the bond interface was 
transferred from the focal spot allocated inside to the outside surface of the test specimens, 
causing the specimens to soften and bond. In a similar manner, bonding of specimens was 
performed using priming agent such as epoxy-based resin. In this experiment the primer used 
55.23
38.77
27.28
9.08
18.38
4.67
42.11
89.83
31.76
0
20
40
60
80
100
ABS PC PMMAMaterial
Pe
rc
en
ta
ge
 
%
Highest % Average % Lowest %
was Rapid Araldite, a two-component epoxy based adhesive.   After welding, the specimens 
were tested for strength, and the joint microstructures were also analysed. 
 
5. RESULTS AND DISCUSSION 
 
The Solar Energy Concentrator used in this research utilises primarily the visual range of the 
entire solar spectrum available at given time. In order to determine the suitability and measure 
the availability of a particular microwave wavelength, spectrometric measurements of the 
available solar radiation at given time are needed. Since the intensity and the spectral distribution 
of the solar radiation available on the primary mirror are uncontrollable variables, in this feasible 
study only the intensity of the direct solar radiation at given time has been measured.  The results 
obtained from the two techniques for measuring the intensity of the beam insolation incident on 
the primary mirror surface were consistent. Therefore, the experiments were carried out during 
this constant period of time. 
 
5.1 Experiment A – Without control of welding parameters 
The duration, power and temperature are important parameters that control the welding quality. 
In order to investigate the feasibility of the solar energy concentrator to join thermoplastic 
materials by using concentrated solar radiation, the initial experiments were performed without 
controlling the welding parameters such as direct solar radiation, temperature at the focus point 
and duration of the welding process. During the welding, due to presence of wind and clouds, the 
temperature was unsteady and fluctuated as much as 200°C.  The data obtained during the initial 
experimentation is shown in Table 1. The tensile strength of the ABS joint ranged from 9.08% to 
89.83% of the parent material strength. The tensile strength of the welded PC material ranged 
from 18.38% to 42.11% of the parent material strength. The percentage of parent-material 
strength for the welded PMMA material ranged from 4.67% to 55.23% as shown in Figure 2. 
The average weld strength of the ABS, PC and PMMA specimens compared to their parent 
material was 38.77%, 27.28% and 31.76% respectively. Table 1 illustrates these results and 
shows that the PMMA had the slowest welding time, whereas the ABS had the fastest. 
 
Table 1 Average strength of the weld without controlling the welding parameters 
 
Material Welding 
Duration 
(sec) 
Temperature 
on idle 
running (°C) 
Intensity of 
Direct Solar 
Radiation 
(W/m2) 
Wind 
Velocit
y (m/s) 
Applied 
Tensile 
Force 
(N) 
% of 
Parent 
Material 
Strength 
Elongation 
(mm) 
ABS 18 549 898 ≤ 2 248 38.77 0.66 
PC 27 565 922 ≤ 2 327 27.28 0.67 
PMMA 50 555 888 ≤ 1 313 31.76 0.55 
 
5.2 Experiment B – With control of  welding time 
In order to obtain more accurate results, experiments for specific welding duration were carried 
out between 9.30 am and 2.30 pm. In this period, as discussed previously, the intensity of direct 
solar radiation was without major fluctuations during each experiment duration. The specimens 
of each material were welded once every hour at the average duration obtained in Table 2.  It is 
obvious that with an increase of welding duration, the strength of the welded joint of the ABS 
and PC materials increased significantly due to high quantity of solar protons absorbed in the 
materials. In the case of PMMA material, there was only a slight increase in the average strength 
due to its high visible light transmission (91% - 93%).  It is apparent that the specimens with the 
highest weld strength and better quality weld received the highest amount of direct solar 
radiation. 
 
Table 2 Average strength of the weld with welding duration controlled 
 
Material Duration 
(s) 
Temperature 
on idle 
running (°C) 
Intensity of 
Direct Solar 
Radiation 
(W/m2) 
Applied 
Tensile 
Load (N) 
% of Parent 
Material 
Strength 
Elongation 
(mm) 
Average % of 
Parent Material 
Strength 
(1) 13 640 874 204 31.99% 0.56  
(2) 18 652 813 210 32.80% 0.63 37.87 ABS 
(3) 23 686 935 312 48.83% 0.78  
(1) 22 660 874 216 18.01% 0.47  
(2) 27 640 814 268 22.39% 0.49 24.64 PC 
(3) 32 690 941 378 33.52% 0.63  
(1) 45 614 870 302 30.62% 0.46  
(2) 50 640 807 344 34.92% 0.69 33.55 PMMA 
(3) 55 710 939 346 35.13% 0.55  
 
5.3  Joining of thermoplastics with the aid of primer 
From the results presented in Table 3, it is noticeable that the adhesives introduced during 
welding increased significantly the welding duration and did not contribute to the overall bond 
strength. Instead, the overall bond strength reduced considerably. The tests conducted by 
applying adhesives to the ABS, PC and PMMA specimens only revealed a low proportion of the 
parent material strength i.e. 19.09%, 4.29% and 10.19% respectively. When an adhesive is used, 
it is evident that part of the energy of the photons is absorbed by the adhesive itself, thus less 
energy is propagated into the specimen interface surface. Also, the generated temperature is 
obviously too high for achieving optimal performance of the adhesive. 
 
Table 3 Average strength of the weld with the aid of adhesive 
 
Material Duration 
(sec) 
Temperature on 
idle running (°C) 
Intensity of Direct 
Solar Radiation 
(W/m2) 
Applied 
Tensile 
Force (N) 
% of Parent 
Material 
Strength 
Elongation 
(mm) 
ABS 28 617 785 122 19.09 0.33 
PC 47 593 769 51 4.29 0.22 
PMMA 69 590 754 100 10.19 0.28 
 
5.4 Microscopic examination of solar welded specimen 
Figure 3 shows the SEM pictures of the ABS specimens with the highest tensile strength 
obtained in experiments A and B.  From the image it can be seen that the solar flux energy had 
propagated to the bottom layer of the material. Although voids could still be found at the surface 
of the material, the specimen surfaces were melted and fused together. In experiment B, weld 
strength of 66.98% of the parent material strength was obtained. During the microscopic 
examination irregular fibrils were observed which indicated a large welded contact area. 
 
  
Specimen of ABS Material from Experiment A  Specimen of ABS Material from Experiment B 
Figure 3.   ABS welding – specimens with the highest tensile strength 
Figure 4 shows the SEM pictures of the PC specimens with the highest tensile strength obtained 
in experiments A and B. In both experiments, fusion took place at a large contact surface. 
Although some portion still remained unwelded, the concentrated solar energy flux propagated 
into the deeper layer of the material. This resulted in increase of the tensile strength to above 
40% of the parent material strength. When the specimens ruptured under the tensile test, a large 
number of micro-voids and cavities were formed as it can be seen from the SEM images.  
 
  
Specimen of PC Material from Experiment A  Specimen of PC Material from Experiment B 
Figure 4. PC welding – specimens with the highest tensile strength 
 
Figure 5 shows the SEM pictures of the PMMA specimens with the highest tensile strength 
obtained in experiments A and B. In both experiments, voids were formed at the surface of the 
material and the solar energy flux had propagated evenly to the bottom layer of the material 
resulting in weld strength of above 45% of the parent material strength. From the SEM images it 
was observed that the microstructure of the weld created a linear ridge pattern throughout the 
specimens. Micro-voids were formed during the fusion process. The lighter contrast contours 
shown in the SEM pictures show the contact area of the weld. Since PMMA is brittle, not many 
fibrils were formed in the ruptured surface of the joint. 
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Specimen of PMMA Material from Experiment A  Specimen of PMMA Material from Experiment B 
Figure 5. PMMA welding – specimens with the highest tensile strength 
 
From the experimental test results the following conclusions could be drawn. The ABS material 
had the fastest response to the solar radiation although it has higher glass transition temperature 
than the PMMA material. This is due to its opacity that allows most of the solar radiation to be 
absorbed and only a small amount to be reflected.  PC and PMMA materials, being transparent to 
the visible spectra of the solar radiation absorbed less amount of direct solar radiation, most of 
which was transmitted through the material and some portion reflected. This resulted in melting 
only at the surface of the material while the bottom layer remained in its glass transition stage. 
As the absorptivity of thermoplastics is directly related to their opacity to the concentrated solar 
photons from the visual range of the spectrum, longer welding duration is required for 
transparent plastics.  Compressive force was constantly applied to the joint of the specimens 
during the welding process. In the case of the PC material, this resulted in some air being trapped 
inside the weld. In the case of the PMMA material, air bubbles emerged from the bottom layer of 
the material and natural convection gradually lifted them to the surface of the material. 
 
6. CONCLUSIONS 
 
A feasibility study and initial experimental results of joining three different types of engineering 
thermoplastics by utilising concentrated solar flux is reported. The tensile strength of the parent 
materials were determined, then the welding of such materials was performed with and without 
the application of epoxy based primers. Finally, tensile tests were conducted to study the bond 
strength achieved at the joint interface. In addition, microscopic examination of the fractured 
joints was performed in order to analyse the overall bond quality achieved. Compared to the 
parent material strength, a minimum bond strength of 4.67% and a maximum of 89.83% were 
measured. Even though in the experiments using average welding duration the bond strength as a 
percentage of the parent material strength has not been significantly higher than that from the 
experiments with variable welding parameters, it could be considered relatively consistent. The 
quality of the weld could be improved should the power input remains constant and the 
compressive force is applied only when the whole joint is in its flow state. 
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